This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 



BLACK BORDERS 



TEXT CUT OFF AT TOP, BOTTOM OR SIDES 



FADED TEXT 



ILLEGIBLE TEXT 



SKEWED/SLANTED IMAGES 



COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 



GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



CM 
< 

CO 
CO 



QL 
UJ 




Europaisches Patentamt 
Europea n-Eatenl_Qlf J c.e__ 



(12) 



(43) Date of publication: 

29.05.1996 Bulletin 1996/22 

(21) Application number: 95308140.3 

(22) Date of filing: 14.11.1995 



Office europeen des brevets ^ j EP 0 71 4 033 A2 

EUROPEAN PATENT APPLICATION 

(51) IntCI *: G01R 31/36 



(84) Designated Contracting States: 


(72) Inventor: Nguyen, Trung V. 


DE FR GB 


Lawrence, Kansas 66046 (US) 


(30) Priority: 23.11.1994 US 344762 


(74) Representative: 


Buckley, Christopher Simon Thlrsk et al 


(71) Applicant: AT&T Corp. 


AT&T (UK) LTD., 


New York, NY 10013-2412 (US) 


AT&T Intellectual Property Division, 




5 Mornington Road 




! Woodford Green, Essex !G8 0TU (GB) 



(54) Method and apparatus for predicting the remaining capacity and reserve time of a battery 
on discharae 



on discharge 

(57) A highly accurate apparatus and method of pre- 
dicting remaining capacity Q and reserve time t of a dis- 
charging battery to a selected end voltage is determined 
by an arrangement considering the open circuit voltage, 
battery voltage, battery temperature and its internal re- 
sistance. The remaining battery capacity Q is deter- 



mined from the difference between the battery full 
charge open circuit voltage Eocand the voltage loss due 
to the interna! resistance of the battery IRint and the bat- 
tery voltage on discharge divided by the battery temper- 
ature T, which is the temperature-corrected battery ov- 
ervoftage. 
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Field of the Invention 

This invention relates to apparatus and a method of 5 
measuring and predicting the remaining capacity and 
reserve time of a discharging battery. It is particularly 
concerned with predicting the capacity and reserve time 
of flooded or sealed lead acid batteries during discharge 
to an end-voltage. 10 

Background of the Invention 

Predicting the remaining capacity and reserve time 
of a battery is important to the proper, management of 15 
battery plants and of batteries remotely located. The 
fundamental method of prediction, of the prior art, is 
based on the Peukert equation: 

t = al b (1) 
where t is the reserve time to a given end voltage, I is 
the discharge current and "a" and "b 1 are empirically de- 
termined parameters. The remaining reserve time dur- 
ing discharge is obtained by subtracting the actual time 
of discharge from the value 1" given by the equation. 
The only real time data used in this approach is the dis- 
charge current I, and the parameters "a" and n b' must 
be experimentally determined by extensive testing, data 
acquisition and parametric analysis. Once determined, 
these values are fixed and do not adapt to changing con- 
ditions and are not responsive to changing load require- 
ments. 

An attempt to be more responsive to changes in bat- 
tery behavior during discharge is disclosed in the patent 
application Serial No. 08/013272, filed February 4, 
1993, submitted by D. Levine et al which utilizes matri- 
ces of predetermined parameters which contain corre- 
lations for the slope of the voltage-versus-discharge 
time at various discharge currents, battery voltages dur- 
ing discharge and end voltages. The use of voltage-ver- 
sus-time slopes for prediction allows the method to be 
highly adaptable to changes in battery behavior during 
discharge. This method requires extensive testing to de- 
rive the data to populate the matrices. 

Another approach, disclosed by R. Biagetti and A. 
Pescoin U.S. Patent 4,952,862, operates by measuring 
the difference between battery voltage during discharg- 
es and the battery plateau voltage, 

V battery " (2) 

During discharge this difference is plotted against a so 

ratio of discharged capacity to the total discharge ca- 
pacity available: 

^ removed^ to -end- voltage 

This plot, created from measured data, is a single 
curve having an exponential and a linear region. This curve 55 
is used to determine remaining capacity and reserve lime 
from the measured discharged capacity Q removed and the 
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plateau voltage V p . As in the above described method, ex- 
tensive prior testing and data analysis of the particular bat- 
tery being monitored is required and this method does not 
account for aging of the battery since measurement of the 
plateau voltage is a predetermined fixed value. 

Another approach to determining the reserve time 
of a discharging battery, disclosed in US patent 
4,876,51 3, takes advantage of the fact that when batte ry 
voltages (corrected for internal resistance) are plotted 
versus a ratio of ampere hours remaining to ampere 
hours available to a certain discharge voltage all dis- 
charge curves fall on a single curve. The battery voltag- 
es corrected for IR are calculated using a battery internal 
resistance that is measured periodically during dis- 
charge. 

None of the existing methods for evaluating the 
state of a discharging battery works accurately at all 
temperatures, requires only a minimal number of pa- 
rameters and is independent of the battery type being 
monitored. 

Summary of the Invention 

Therefore according to the invention, a method and 
apparatus for predicting reserve capacity and reserve 
time of a battery on discharge, is provided as claimed 
in claims 1 and 1 1 . 

A highly accurate apparatus and method of predict- 
ing remaining capacity Q and reserve time t of a dis- 
charging battery to a selected end voltage is based on 
measurable battery parameters and does not require 
extensive pretesting of the battery. The battery reserve 
time t of a discharging battery is determined by an ar- 
rangement considering the discharge current, battery 
voltage, battery temperature and the battery's internal 
resistance. The remaining battery capacity Q is deter- 
mined from the ratio between a maximum theoretical ca- 
pacity Q max and its present capacity Q. A term defined 
by a sum of the battery full charge open circuit voltage 
Eoc and the voltage loss due to the internal resistance 
of the battery IR jnt and the battery voltage on discharge 
divided by the battery temperature T, is computed as the 
temperature-corrected battery overvoltage r\. 



n = 



oc rr Mnt~ v battery 



(4) 



The characteristics of the battery discharge are re- 
duced to a ratio of a single remaining battery capacity 
to maximum theoretical capacity: 

Q 

(5) 



Q 



max 



This normalized battery capacity value is plotted 
versus the temperature-corrected battery overvoltage to 
produce a discharge characteristic curve that is invari- 
ant to discharge rates, temperatures, battery size, and 
aging effects and which is dependent only on the bat- 
tery's internal design. This normalized battery capacity 
is related by fitting parameters to the value r| by the re- 
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lation 



Q (a+bTi C +dn e ) 

= exp 1 1 ' 



(6) 



'max 



lo characterize the discharge characteristic and deter- 
mine Q. 

A reserve time t is calculated from the determined 
value using the relation 



Q 



(7) 



The characteristic curve and the dynamic variables 
are stored in a computer and processed continuously to 
provide a continuing real time prediction of the remain- 
ing capacity and reserve time t of the battery on dis- 
charge. 

Brief Description ol the Drawing 

FIG. 1 is a block schematic of a battery plant and 
its monitoring system; 

FIG. 2 is a graph of atypical battery discharge curve 
in terms of battery voltage versus ampere-hours 
removed; 

FIG. 3 is a graph of a typical battery discharge curve 
in terms of charge ratio versus temperature-cor- 
rected battery overvoltage; and 
FIG.. 4 is a flow graph illustrating the method of 
determining the remaining capacity Q and reserve 
time t of a discharging battery. . 

Detailed Description 

The battery plant and monitoring system shown in 
the FIG. 1 includes a plurality of battery cells 101-1 to 
1 01 -n all of, which are connected in series connection to 
power a load 1 02. A rectifier 1 03 is connected to receive 
AC line power and provide a rectified charging voltage 
to recharge the string of battery ceils 101-1 to 101 -n. A 
battery monitoring unit 105 having stored program con- 
trol is connected to a controller-battery interface 110. 
The battery interface 1 1 0 has connections 1.1 1 -1 to 1 1 1 -n 
to sense the voltage of each battery cell and a connec- 
tion 112 to sense the load current and a connection 113 
to sense a temperature of at least one battery cell. The 
battery monitoring unit has an access device 117 for 
user input and data output. 

The battery monitoring unit 105 includes a stored 
program control which accepts data from the battery in- 
terface and background data from the user input/access 
device 117. The stored program controller also includes 
instructions for utilizing the data input for predicting a 
remaining charge capacity and reserve time until dis- 
charge to a specified end voltage of the batteries 1 01 in 
the string of batteries. This determination is communi- 
cated through the user access interface 117 to a data 
output which may include communication with a distant 
output device. 

The conventional graph of battery discharge capac- 



ity is shown by the graph illustrated in the FIG. 2. This 
discharge curve is plotted in terms of voltage versus am- 
pere-hours. This curve exhibits three distinct character- 
' istic regions. The initial region 201 shows an initial drop 

5 in battery voltage due to the phenomenon of activation 
and ohmic resistance. The second subsequent region 
202, shows a gradual decrease in battery voltage due 
to a continuous increase in the internal resistance of the 
battery during discharge. This resistive increase is due 

10 to depletion of reactants and/or active surface areas in 
the battery. The final region 203 shows a sharp de- 
crease in the battery voltage due to the discharge reac- 
tions becoming starved of reactants, whose transport to 
the electrode surfaces has become mass-transfer limit- 
's ed. These complex changes during discharge are be- 
lieved to be related to the remaining capacity of the bat- 
tery during discharge. 

The discharge characteristic of a battery is based 
on a ratio of remaining capacity/ maximum theoretical 

20 capacity Q/Qmax versus the temperature corrected bat- 
tery overvoltage. While the actual capacity Q may be 
used in place of Qmax, the ratio is invariant to battery 
size. The remaining capacity to an end voltage, at a giv- 
en battery voltage, is calculated from the difference be- 

25 tween the remaining capacity Q at that battery voltage 
and the remaining capacity at that end voltage. 

The effect of temperature on discharge is shown in 
the graph of FIG. 3, which illustrates the discharge 
curves 301 and 302 of the same battery at two different 

30 temperatures. 

The method of predicting the remaining capacity 
and reserve time t of a discharging battery according to 
the stored instructions of the controller is shown in the 
flow diagram of FIG 4. The process starts at terminal 

35 401 and proceeds to the block 403 whose instructions 
have the controller retrieve the discharge current 
sensed by the interface monitor. The instructions, oper- 
ate as per decision block 405, to determine if the battery 
is in discharge by observing the direction of current flow. 

40 if the battery is not discharging the controller continues 
to monitor current flow as per block 403. If the battery is 
in discharge, battery voltage, current and temperature 
are measured and recorded per the instructions of block 
407. The instructions of block 409 use these monitored 

45 parameters to calculate a battery reserve capacity. The 
process uses a table of battery characteristics and pa- 
rameters provided from memory as per block 411. The 
calculation process determines the remaining battery 
capacity per: 

50 Q(V,I,T) = (Q max ) x exp(a + b n c + d n *) (B) 

where the term n. is: 



(^oc " '^int " ^ battery) 



'int 



(9) 



55 and a, b, c, d and e are curve fitting parameters of the 
discharge characteristic curve. The next step defined by 
the instruction of block 41 3 calculates the actual predict- 
ed reserve time t by the relation of: 



3 
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t = Q(V,l,T)/l (10) 
The subsequent instructions of decision block 41 5 de- 
termine if the calculated reserve capacity and time have 
reached an alarm limit. If an alarm limit is reached, the 
alarm is sent to the user, as indicated in the block 417 
and block 41 9. If no limit has been reached, the decision 
block 421 determines whether the discharge condition 
is over. If discharge has terminated, the process is ter- 
minated as per block 423. If the discharge is continuing, 
the flow returns to the Block 407 and the process is con- 
tinued. 



Claims 



1. 



2. 



3. 



4. 



A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge, 
comprising the steps of: 

determining an open circuit voltage of the bat- 
tery; 

CHARACTERIZED BY: 

measuring a discharge current and discharge 
voltage of the battery in the process of dis- 
charge; 

measuring a temperature of the battery in the 
process of discharge; 

determining a remaining reserve capacity of the 
battery in a process of discharge by deriving a 
value for battery overvoltage based on deter- 
mined and measured battery parameters 
including the open circuit voltage, the dis- 
charge current, the discharge voltage and the 
temperature of the battery; 
using the reserve capacity to determine the 
reserve time remaining to a final end voltage. 

A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 1: 

wherein the battery overvoltage definition is 
expressed as 



E oc * lR int 



battery 



A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 2 wherein the step of determin- 
ing a remaining reserve capacity of the battery in a 
process of discharge includes expressing a ratio of 
remaining capacity to maximum capacity as an 
exponential function. 

A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 3 wherein the exponential 
expression is given the form 
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Q 



= e (a+bn°+dTi e ) 



max 

where Q max , a, b, c, d. and e are predetermined 
parameters determined by the battery embodiment; 

A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 1 wherein the step of using the 
reserve capacity to determine the reserve time 
remaining to a final end voltage includes a step of 
measuring a discharge current and a ratio of the 
reserve capacity to the discharge current. 

A method of predicting the reserve time of a dis- 
charging battery with a known maximum capacity, 
comprising the steps of: 

determining temperature dependence of a bat- 
tery overvoltage of the discharging battery; 
reducing the temperature dependence of a bat- 
tery overvoltage to a ratio of battery capacity of 
the discharging battery to its maximum capac- 
ity; and 

measuring the discharge current and combin- 
ing it with the battery capacity of the discharg- 
ing battery to determine a reserve time to dis- 
charge the battery to an end voltage. 

A method of predicting the reserve time of a dis- 
charging battery with a known maximum capacity 
as claimed in claim 5, wherein the step of reducing 
the temperature dependence of a battery overvolt- 
age to a ratio of battery capacity of the discharging 
battery to its maximum capacity includes evaluation 
of the equation, 

Q 



Q 



._ e (a+bn c -Kh e ) 



max 



A method of predicting the reserve time of a dis- 
charging battery with a known maximum capacity 
as claimed in claim 5, wherein the step of determin- 
ing temperature dependence includes evaluation of 
the equation, 



'OC 



battery 



T| =- 



A method of predicting the remaining capacity and 
reserve time of a discharged battery, characterized 
by the steps of: 

measuring a discharge voltage of the battery, 
measuring the discharge current of the battery 
and measuring the temperature of the battery 
lo determine a temperature corrected battery 
overvoltage ri of the form: 
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n = 



E oc ~ lR int ' V battery 



where E^ is the battery open circuit voltage, I 
is the discharge current of the battery, R inl is the 
internal resistance of the battery, V battery is the 
battery voltage during discharge and T is the 
battery temperature; 

determining the value Q for the remaining 
capacity using a characteristic curve of the 
form: 

Q (a+bn c +dr| e ) 



max 



and using predetermined values for the param- 
eters Q max , a, b, c, d, and e; 
and determining the reserve time according to 
the relation: 

Reserve Time = y . 

10. A method of predicting the remaining capacity and 
reserve time of a discharging battery, characterized 
by the steps of: 

measuring discharge data of the battery at 
selected constant discharge currents to derive 
a battery capacity versus temperature cor- 
rected battery overvoltage characteristic curve 
according to the following relation: 



Q (a+bti c +dn e ) 



'max 



where: 



t\ = 



E oc ' IR int " V battery 



Q max is maximum theoretical capacity of the battery, 
E oc is the battery open circuit voltage, I is the dis- 
charge current of the battery, R lnt is the internal 
resistance of the battery, V battery is the battery volt- 
age during discharge, T is the battery temperature, 
and a, b, c, d. and e are curve fitting parameters 
related to the design of the battery; and solving for 
the remaining capacity value of reserve time t 
according to the relation; 

-? 
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sensing a temperature of the battery; 
a battery monitoring circuit connected to 
receive input from the voltage sensing circuitry, 
the current sensing circuitry and the tempera- 
ture sensing device; and including a reserve 
time prediction sub-unit having: 
a stored program controller for controlling and 
receiving input from the voltage sensing cir- 
cuitry, the current sensing circuitry and the tem- 
perature sensing device and determining if the 
battery is discharging. 

memory associated with the stored program 
controller and including battery characteristic 
data including E oc ,R int> Q max , and battery 
parameters; 

the stored program controller including instruc- 
tions for determining a value of: 



Q _ (a+bn c -w«ii e ) 
, —6 
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max 

and calculating a predicted reserve time t using the 
equation by the relation; 

t = 5 

!' 

12. A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge, 
comprising the steps of: 

determining an open circuit voltage of the bat- 
tery; 

CHARACTERIZED BY: 
measuring a discharge current and discharge 
voltage of the battery in the process of dis- 
charge; 

using a temperature of the battery environment 
in the process of discharge; 
determining a remain ing reserve capacity of the 
battery in a process of discharge by deriving a 
value for battery overvoltage based on deter- 
mined and measured battery parameters 
including the open circuit voltage, the dis- 
charge current, the discharge voltage and the 
temperature of the battery; 
using the reserve capacity to determine the 
reserve time remaining to a final end voltage. 



11. Apparatus for predicting a reserve capacity and 
remaining reserve time of a battery in discharge; 
comprising: 

CHARACTERIZED BY: 

voltage sensing circuitry connected to a termi- 
nal voltage of the battery; 
current sensing circuitry connected for sensing 
a load current of the battery; 
a temperature sensing device positioned for 
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13. A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 11: 

wherein the temperature related battery over- 
voltage definition is expressed as 

^ T = E oc ■ IR int " V battery 

where T is battery related temperature, E oc is the 
open circuit voltage of the battery, IR int is an internal 
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battery voltage, and V battery is the discharge battery 
voltage. 

14. A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge s 
as claimed in claim 1 2 wherein the step of determin- 
ing a remaining reserve capacity of the battery in a 
process of discharge includes expressing a ratio of 
remaining capacity to maximum capacity as a func- 
tion of ri 10 
where 

max 

. where Q max , is a predetermined parameter of the 
battery embodiment. 

15. A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 13 wherein the expression is 

. given the form 

Q (a+b , n c +d < n e ) 

Q 

max 



18. A method of predicting a remaining capacity and 
reserve time of a battery in a process of discharge 
as claimed in claim 15: 

including further considering that the battery is 
operating at ambient temperature and utilizing 
that temperature. 
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16. A method of predicting a remaining capacity and 2 s 
reserve time of a battery in a process of discharge, 
comprising the steps of: 

determining an open circuit voltage of the bat- 
tery; 30 
CHARACTERIZED BY: 
measuring a discharge current and discharge 
voltage of the battery in the process of dis- 
charge; 

determining a remaining reserve capacity of the 3S 
battery in a process of discharge by deriving a 
value for battery overvoltage based on deter- 
mined and measured battery parameters 
including the open circuit voltage, the dis- 
charge current, and the discharge voltage of A0 
the battery; 

using the reserve capacity to determine the 
reserve time remaining 

17. A method of predicting a remaining capacity and 45 
reserve time of a battery in a process of-discharge 

as claimed in claim 15: 

including further measuring a temperature of 
the battery in the process of discharge. 
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